Ultraviolet disinfection (UVD) units enhance onsite sewage systems (OSSs) in areas where conventional treatment is limited by site characteristics. Although UVD units are efficacious under testing conditions, few studies have considered their effectiveness when installed. This study used a mixedmethods approach to examine UVD unit effluent quality and determine the association between UV bulb status and fecal coliform levels. Samples from UVD units and pump chambers were tested for bacterial and physiochemical parameters. Field data were supplemented with data from retrospective compliance samples. A multivariate Tobit regression model predicted that the geometric mean (GM) fecal coliform concentration was 122% higher when the UV bulb was deficient than when it was not deficient, adjusted for other OSS deficiencies (95% CI: 36-428, p-value <0.001). The predicted GM fecal coliform concentration in malfunctioning UVD unit effluent (745 CFU/100 mL) exceeded field compliance standards (400 CFU/100 mL), and the odds of exceedance were 7.48 times higher when the UV bulb was deficient, adjusted for other OSS deficiencies (95% CI: 4.03-13.9, p-value <0.001).
INTRODUCTION
Onsite wastewater treatment to protect public health In regions where sewers are not installed, onsite sewage systems (OSSs) treat wastewater and, when operating properly, protect public health by preventing exposure to enteric pathogens. However, OSS discharges and system malfunctions have often resulted in environmental contamination.
Especially in densely populated areas, groundwater contamination with untreated wastewater can cause drinking water-associated outbreaks with serious health outcomes (Fong et al. ; Schneeberger et al. ) . OSSs are also a known source of coastal water contamination, especially when they are improperly installed with inadequate soil treatment (Lipp et al. ) . In regions with large shellfish industries, coastal pollution can result in shellfish contamination and lead to foodborne outbreaks and economic deficits (Geary & Davies ) . To avoid these outcomes, it is important to ensure that OSSs are properly treating wastewater.
have evaluated UVD unit effectiveness in the field. Those that have been performed found that UVD units achieve 2.5-log to 5.7-log fecal coliform reduction under field or simulation conditions, with effluent fecal coliform levels ranging from 1 colony forming unit (CFU)/100 mL to more than 750 CFU/100 mL (Loomis et al. ; Leverenz et al. ) . Some studies observed biofilms growing on UV bulbs within two months, or sometimes at faster rates when the unit influent contained high solids (Weaver & Richter ; Leverenz et al. ) . The biofilms decreased disinfection, but one UVD unit with biofilm buildup was still capable of a 3-log fecal coliform reduction (Leverenz et al. ) .
These studies indicate that UVD units can achieve high fecal coliform reductions, but that bacterial disinfection is reduced when the unit is not properly functioning. Table III ).
In addition to the standards used for testing purposes, some counties have developed fecal coliform action levels to evaluate OSS performance in the field. The Thurston County action levels are two times the corresponding treatment level standard (e.g., 400 CFU/100 mL for Treatment Level A), and when two or more of the past four effluent samples exceed this level, necessary repairs must be made to improve UVD unit performance (Thurston County Public Health and Social Services (TCPHSS) ). These requirements are intended to ensure that OSSs meet expected performance standards, but the general effectiveness of UVD units in the field is not known. Although previous studies have documented effective wastewater treatment in individual OSSs with UVD units, field-based UVD unit effluent has not been well-characterized. This study aimed to describe the effectiveness of a large number of UVD units under field conditions by measuring final effluent quality and determining bacterial reduction due to UVD treatment.
METHODS

Selection of sampling sites
The region for this study was two counties in Washington, USA, which have a total of 2,177 installed UVD units. All owners of UVD units in this region were sent an invitation, which offered a reimbursement of their next required maintenance fee (60-130 USD) in return for participating in the study.
The volunteers were primarily from one county, so participants from this county were randomly selected by assigning random numbers to the volunteers and selecting the lowest 65 numbers. Additional participants from the second county were recruited by calling all owners whose phone numbers were recorded in county records. The final sample included 97 UVD units. All studied units were assigned a random ID to ensure confidentiality of participants' results.
Field sampling and measurements
Each studied UVD unit was visited once during a threemonth period between June and August, and the UV bulb status at that time was noted. Grab samples were collected from pump chambers and, when sampling ports were accessible, freefalling UVD unit effluent. Samples were collected under the site's conditions upon arrival, between 7:00 and 14:00. When no wastewater was flowing through the OSS, flow was induced by increasing water use in the residence or supplying water into the primary septic tank to simulate natural conditions of higher flow into the OSS. Researchers followed standards of procedure to ensure that collection was consistent and samples were not contaminated. When post-UVD unit sampling ports were accessible, the UVD unit was also turned off, the unit was flushed, and a sample of non-disinfected effluent was collected to determine the treatment level without UV disinfection. Samples were stored at 4 C and analyzed within 8 hours using the The classification from the most recent OSS inspection was attributed to each sampling event; however, if the most recent OSS inspection occurred more than 30 days before the sample collection, no deficiency information was attributed to that sampling event (n ¼ 13). When multiple samples were collected between two inspections, the deficiency information was only attributed to the samples when both the preceding and succeeding inspection had identical deficiencies. Inspection records were also used to determine the date of the most recent UV bulb replacement. After data coding, the accuracy was reviewed by comparing 10% of the final classifications to the original extracted database.
Data analysis
The primary goal of data analysis was to describe UVD unit effluent quality in OSSs installed in the field and to determine whether UV bulb status impacts effluent quality.
Data analysis was conducted in R Studio (version 1.1.414) and Oracle Crystal Ball.
Descriptive statistics were calculated for field-collected data and fecal coliform results from regulatory sampling.
Because high variability was expected from wastewater samples collected under differing site conditions, no outliers were removed from data analysis. According to the National Shellfish Sanitation Program protocol, fecal coliform results that exceeded the upper limit of detection (LOD) were assigned a value of one CFU above the limit, and results that were below the lower LOD were assigned a value of one CFU below the limit (United States Food and Drug Administration (FDA) ). If the LOD was one and there were no colonies detected, the result was recorded as one.
Fecal coliform results were log 10 -transformed for all analyses unless otherwise noted. The association between UV bulb status and fecal coliform levels in retrospective compliance data was assessed using a multivariate Tobit regression model (see Equation (1)). Fecal coliform results were log 10 -transformed after adjusting for non-detects in the data (adding one to each value). Because Tobit regression models usually assume normal distribution of the outcome variable, the accuracy of the model was confirmed by conducting a rank normal transformation of the outcome variable and running the same model, which yielded similar results. A subgroup analysis of the effect of ln-transformed bulb age on fecal coliform concentrations was performed for observations where the UV bulb was on.
where: Y Ã ij :¼ log-fecal coliform for observation i at site j; X ij :¼ covariates for observation i at site j (include UV deficiency and other deficiency, with age added for subgroup analysis); and ε ij ∼ N(0, Σ) :¼ error term clustered at the OSS level to account for inter-OSS interdependence.
The model predicted Y i * , the latent variable underlying the observed fecal coliform concentrations, which are:
Additionally, the impact of UV bulb deficiency on the likelihood of exceeding the OSS's action level, adjusted by the presence of other OSS deficiencies, was examined using a multivariate logistic regression model (see Equation (2)). Censored results that could not be classified as to action level exceedance were removed from the model Post-UV fecal coliform concentrations had a strong positive correlation with conductivity. Fecal coliform was also positively correlated with turbidity and flowrate and negatively correlated with UV transmittance, although the correlations with flowrate and UV transmittance were not statistically significant (see Table 1 ).
Wastewater quality in pump chambers following UVD units
The GM fecal coliform concentration (95 ± 20 CFU/ 100 mL; minimum: below limit of detection, 10 CFU/ 100 mL; maximum: above LOD, 2 × 10 6 CFU/100 mL) was higher for pump chamber samples than for freefall effluent samples. The descriptive statistics for pump chamber fecal coliform concentrations grouped by UV bulb status are given in Table 3 (see Supplementary Table S1 for the characteristics of OSSs where pump chamber samples were collected, available with the online version of this paper).
Among OSSs with malfunctioning UV bulbs, three of the five pump chamber fecal coliform measurements that exceeded the lower LOD also exceeded the 75th percentile of the measurements from OSSs with properly functioning UV bulbs, which was 225 CFU/100 mL (see Figure 1 ). the UV bulb status could not be determined. The GM fecal coliform concentration when the UV bulb was functioning was 26.3 CFU/100 mL (GSD ¼ 7.3, <1-8.0 × 10 4 CFU/ 100 mL) and 297.3 CFU/100 mL when the UV bulb was deficient (GSD ¼ 10.6, <1-5.9 × 10 4 CFU/100 mL; see Figure 2 ). Estimates from the multivariate Tobit regression model show a significant association between fecal coliform concentrations and UV bulb deficiency (see Table 4 ). On average, the GM fecal coliform concentration was 122% higher in OSSs with deficient UV bulbs than in OSSs with functioning UV bulbs, after adjusting for other OSS deficiencies (p-value <0.001). The 95% confidence interval Logistic regression analysis indicated that among OSSs that have the same status of other deficiencies (excluding UVD unit deficiency), the odds of effluent fecal coliform levels exceeding the action level were 7.48 times higher when the UV bulb was deficient than when the UV bulb was properly functioning (95% CI: 4.03-13.9, p-value <0.001; see Table 6 ). This model predicts a 0.07 odds (95% CI: 0.06-0.08) or 6.5% (95% CI: 5.7-7.4%) probability of exceeding the action level when there is no deficiency with the UVD unit or other OSS components. Effluent samples for bacterial analysis were collected under a wide range of flow conditions that could not be precisely measured, although most flowrates were significantly lower than the average flow through an OSS (see Table 2 ).
DISCUSSION
The 
